Evapotranspiration (ET) influences land-climate interactions, regulates the hydrological cycle, and contributes 14 to the Earth's energy balance. Due to its feedbacks to large-scale hydrological processes and its impact on 15 atmospheric dynamics, ET is a key driver of droughts and heatwaves. Existing land surface models differ 16 substantially, both in their estimates of current ET fluxes and in their projections of how ET will evolve in the 17 future. Any bias in estimated ET fluxes will affect the partitioning between sensible and latent heat, and thus 18 alter model predictions of temperature and precipitation. One potential source of bias is the so-called 19 "aggregation bias" that arises whenever nonlinear processes, such as those that regulate ET fluxes, are 20 modeled using averages of heterogeneous inputs. Here we demonstrate a general mathematical approach to 21 quantifying and correcting for this aggregation bias, using the GLEAM land evaporation model as a relatively 22 simple example. We demonstrate that this aggregation bias can lead to substantial overestimates in ET fluxes 23 in a typical large-scale land surface model when sub-grid heterogeneities in land surface properties are 24 averaged out. Using Switzerland as a test case, we examine the scale-dependence of this aggregation bias and 25 show that it can lead to overestimation of daily ET fluxes by as much as 21% averaged over the whole country.
Introduction

37
Earth's surface and subsurface are characterized by spatial heterogeneity spanning wide ranges of scales, 38 including scales that cannot be explicitly resolved by large-scale Earth System Models (ESMs), which are 39 typically run at resolutions of 10-100 kilometers. Averaging over this finer-scale heterogeneity can bias model 40 estimates of water and energy fluxes and hence alter future temperature predictions. Earth system model 41 estimates of global terrestrial evaporation differ substantially from atmospheric reanalyses based on in-situ GLEAM is a diagnostic satellite-data-driven method that is used to estimate global land evaporation fluxes.
111
GLEAM uses the Priestley-Taylor formula and remotely sensed datasets of radiation and temperature to 112 calculate PET. In GLEAM, actual ET is calculated by constraining PET estimates by a stress factor that is based 113 on estimates of root-zone soil moisture. The root zone soil moisture is derived from a multi-layer water 114 balance module that describes the infiltration of precipitation through the vertical soil profile. ET estimates 115 from GLEAM have been applied in many studies (e.g., Miralles 
where is potential evapotranspiration (mm d -1 ), is a dimensionless coefficient that parametrizes the 142 resistance to evaporation and is set to 0.8 for tall canopy in GLEAM (Miralles et al., 2011), = 2.26 (MJ kg -1 ) is 143 the latent heat of vaporization, Rn is net radiation (MJ m -2 d -1 ), G is the ground heat flux, approximated as temperature/saturated vapor pressure curve (kPa°C -1 ), which is functionally related to temperature (Tetens, 146 1930; Murray, 1967; Stanghellini, 1987) :
148 where a= 0.04145 (kPa°C -1 ), b=0.06088 (°C -1 ), and is the psychrometric constant (kPa°C -1 ) which can be 149 calculated as (Brunt, 1952) : 
188
where Δ depends on temperature as described in Eq. difficult to assess due to the scarcity of real-world soil moisture measurements, for our purposes all that is 213 necessary is that the simulated values exhibit realistically complex spatial variability.
215
We used the GLEAM equations, as outlined in Sect. 2, to calculate ET for each day at the 500-m resolution of 216 these input data. We use these 500-m ET estimates as virtual "truth" for the purpose of our analysis, because 217 our goal is not to determine whether GLEAM estimates of ET are accurate (compared to direct measurements, 218 for example), but rather to quantify how spatial aggregation affects them. 247
248
where ET is the true average ET at some grid resolution, ET is the modeled coarse-resolution ET at the same 249 spatial scale, the right-hand side is the Taylor expansion estimate of the aggregation bias. We then compared 250 these estimated biases against the "true" aggregation biases (the difference between the "true" average ET cell, and in real-world cases these variances and covariances will not be known precisely. Figure 4 nonetheless 306 demonstrates the potential value of knowing, or being able to estimate, those variances and covariances.
307
Efforts to determine those variances and covariances can be focused on the terms that matter the most, if one 308 can identify the main drivers of aggregation bias using the methods described in Sect. 5.1 above. 3), and (F) evapotranspiration (ET, mm yr -1 ) using the approach used in the GLEAM model (Eq. 1). See Table. S1 Taylor expansions of the governing equations. Using Switzerland as a test case, we have shown that median 365 aggregation biases of 10-35% are common, even at grid scales substantially smaller than those typically used in 366 land surface models (Fig. 2) . These biases can be much larger for individual days (Figs. S2 and S3 ). These biases 
